ABSTRACT During cancer cell invasion, faster moving cancer cells play a dominant role by invading further and metastasizing earlier. Despite the importance of these outlier cells, the source of heterogeneity in their migratory behavior remains poorly understood. Here, we show that anterior localization of mitochondria, in between the nucleus and the leading edge of migrating epithelial cancer cells, correlates with faster migration velocities and increased directional persistence. The asymmetry of mitochondrial localization along the axis of migration is absent during spontaneous cell migration on two-dimensional surfaces and only occurs in the presence of chemical attractant cues or in conditions of mechanical confinement. Moreover, perturbing the asymmetric distribution of mitochondria within migrating cells by interfering with mitochondrial fusion (opa-1) or fission (drp-1) proteins, significantly reduces the number of cells with anterior localization of mitochondria and significantly decreases the velocity and directional persistence of the fastest moving cells. We also observed similar changes after perturbing the linkage between mitochondria and microtubules by the knockdown of mitochondrial rhoGTPase-1 (miro-1). Taken together, the changes in migration velocity and directional persistence in cells with anterior-localized mitochondria could account for an order of magnitude differences in invasive abilities between cells from otherwise homogenous cell populations.
INTRODUCTION
Longitudinal asymmetry of signals and cellular structures along the axis of migration is an important characteristic of motile epithelial cells. Several intracellular signals are differentially activated at the leading and trailing edges of migrating cells. These signals drive preferential activation of small GTPases Rho and Cdc42 at the leading (anterior) edge and Rac and PTEN toward the trailing (posterior) edge (1) . Cytoskeletal components and organelles are also segregated along the axis of cell migration. Actin polymerization and the formation of new focal adhesions occur in the direction of movement at the leading edge, whereas actomyosin contraction and focal adhesion release are localized to the trailing edge. The microtubule organization complex is often localized between the nucleus and leading edge (2) and the endoplasmic reticulum and Golgi apparatus also occupy similar anterior positions (3, 4) . Whether the specific localizations of these organelles confer distinct migratory behaviors, however, remains elusive (5) . In lymphocytes, mitochondrial localization is observed between the nucleus and the trailing edge of the cell during chemokine-induced migration (6) , and has been shown to confer enhanced migratory properties such as increased persistence of migration in a specific direction. The highly dynamic nature of mitochondrial networks in eukaryotic cells (7) is evidence of their ability to organize within the cytosol to power cellular processes. Live-cell imaging has revealed that these networks are highly dynamic even at the level of individual organelles-with individual mitochondria stopping, starting, and changing direction (8) . Individual mitochondrial transport has been studied extensively in neuronal cells (9) and mitochondrial content in neuronal processes correlates closely with the high energy demand in these structures needed to generate action potentials (10) . Such purposeful localization of mitochondria has important implications in propagating growth cones in neuronal cells and in driving cell migration in lymphocytic cells. However, the redistribution of mitochondria within motile cancer cells has been largely unexplored.
Cancer cells migrating away from the primary tumor are ultimately responsible for the formation of distant metastasis and the death of 90% of cancer patients. Although the role of cancer cell migration in disease progression has been investigated both in vivo (11) (12) (13) and in vitro (14) (15) (16) , a migration-based quantifier for the disease state has remained elusive. Among the hallmarks that define the aggressiveness of various cancers (17) , the ability of cells to migrate holds a secondary role. One of the difficulties in assessing the role of cell migration is the fact that the migration phenotype of cancer cells is highly heterogeneous even within the same tumor (18, 19) . Importantly, recently developed tools for detailed characterization of the cancer cell migration phenotype (20, 21) quantify fundamental characteristics of motility-velocity, persistence, and directionality at the level of individual cells. Leveraging such tools enables us to explore the heterogeneity of the motility phenotype of cancer cells and its associations with other processes involved in epithelial cancer cell migration.
Here, we show that strong correlations exist between the localization of mitochondria within moving cells and their speed and directional persistence during migration. To observe these correlations, we engineered various complex microenvironments involving both mechanical and biochemical cues to precisely quantify speed and persistence during migration in epithelial cancer cells with single-cell resolution. We designed and implemented several microfluidic platforms that provided a range of mechanical confinements (from channels with a varying cross-sectional area to completely unconstrained environments) and the ability to apply superimposed chemotactic gradients within these confinements. Furthermore, we observed that the speed and persistence during cell migration were significantly reduced after altering intracellular mitochondrial relocalization processes through mutations in mitochondrial shaping proteins or proteins participating in mitochondrial transport. Elucidating the coupling between mitochondrial localization and cancer cell migration in various microenvironments could shed light on the role of mitochondrial dynamics in cancer progression and provide the first steps to identifying and targeting highly migratory phenotypes in epithelial cancer cells.
MATERIALS AND METHODS

Cell culture
MDA-MB-231, MDA-MB-435, and PC3 cell lines were obtained from the ATCC. The PC3M cell line was provided courtesy of the Lindquist Lab. Cells are cultured, as recommended by ATCC, in appropriate media supplemented with 10% (v/v) fetal bovine serum and 2% (v/v) penicillinstreptomycin (for details, see the Supporting Material). For imaging and visualization, cells were labeled with nuclear-staining Hoechst (Invitrogen, Carlsbad, CA) and mitochondrial staining MitoTracker Red (Invitrogen) dyes (for details, see the Supporting Material).
Mutagenesis
Mutant versions of mitochondrial shaping proteins, fission (drp-1) and fusion (opa-1), were generated using standard site-directed mutagenesis techniques (for details, see the Supporting Material and Fig. S1 ). Cells constitutively expressing enhanced green fluorescence protein were sorted for positive expression. Sorted cells cultured in 96-well plates, single-cell per well, were further sorted under a selection pressure of 500 mg/ml geneticin. Five clones were picked and further expanded for two cell passages and used for experiments. Knockdowns of mitochondrial rhoGTPase (miro/rhot-1) were generated using lentiviral constructs provided by the RNAi Consortium (TRC) (for details, see the Supporting Material).
ATP assays
Cellular lysates from~1 Â 10 6 cells were collected for measurement of intracellular ATP content. ATP content was determined using a bioluminescence detection kit (ENLITEN, Promega, Madison, WI) according to the manufacturer's instructions (for details, see the Supporting Material.
Image acquisition and analysis
Migrating cells were imaged using a Nikon (Tokyo, Japan) TiE microscope equipped with an incubation chamber. Time-lapse images were acquired at multiple spatial locations and multiple wavelengths every 15 or 20 min, and analyzed using custom MATLAB (The MathWorks, Natick, MA) scripts (for details, see the Supporting Material). The persistence of migration was quantified by determining the ratio of the shortest, linear distance from the starting point to the end point and the total distance traversed by the cell, as previously described (22) . To assess mitochondrial localization within cells, mitochondria and the nucleus were fluorescently labeled as described previously. The centroid of the nucleus was used to mark the center of the cell. Line scans of mitochondrial fluorescence were integrated before and after the center of the cell. A mitochondrial localization (MLI) index was calculated as the ratio between the integrated area of the fore and the extent of the fore and aft spatial regions. MLI >0.65 was scored as anterior localized, <0.35 was scored as posterior localized, and between 0.35 and 0.65 was scored as unlocalized. Additional details and imaging protocols are described in the Supporting Material and Fig. S2 .
Device microfabrication
Microfluidic devices of three distinct designs were implemented using standard multilayer soft lithography techniques. To observe the spontaneous migration of epithelial cells, microfluidic devices consisted in arrays of 6 mm tall and between 6 and 25 mm wide channels, connecting 50 mm tall cell and external chambers, as previously described (23) . In some devices, the cross section of the channels varied between 6 Â 6 and 6 Â 25 mm. To observe the migration of epithelial cells in stable growth factor gradients and conditions of mechanical confinement, multilayered devices with migration channels and valves were manufactured as previously described (24) . Finally, to observe the migration of cells in response to stable growth factor gradients, devices were fabricated combining migration channels and closed side chambers, as recently described in detail (25) . Additional details regarding the device manufacturing, surface preparation, and experimental setup are presented in the Supporting Material.
Statistical analysis
Pearson sample correlation coefficients between velocity and MLI (r v ), and persistence and MLI (r p ) were computed using MATLAB (The MathWorks, Natick, MA). Best fit lines in all scatter plots were calculated by linear regressions in MATLAB. Normalized slopes (m) and least-squares errors (R 2 ) were extracted from fitting functions. Statistical significance between binned populations of anterior, posterior, and unlocalized cells (see Fig. 3 , C and E) were performed using Student's t-test, where p-values of p < 0.05 were considered statistically significant. Error bars were generated for experiments performed in triplicate by representing one standard deviation from the mean.
RESULTS
Mitochondrial localization during spontaneous migration
Breast epithelial carcinoma cells (MDA-MB-231) cells migrated spontaneously on flat, two-dimensional surfaces and showed specific localizations of mitochondria without correlation with speed or persistence. Mitochondrial localizations were determined by identifying nuclear centroids (yellow circles in Fig. 1 A) and calculating the axis of migration-regions anterior to and posterior to the nucleus define the two cellular compartments (labeled respectively as A and P in Fig. 1 A) . Mitochondria localizations, quantified by the MLI, were calculated at specific instants in time (Fig. 1 B) . During random migration on a flat surface, Biophysical Journal 104(9) 2077-2088 instantaneous MLI oscillated around a mean value of 0.6 ( Fig. 1 C, left panel) and cells showed a low degree of persistence, as evidenced by trajectories across time ( Fig. 1 C, right panel) .
Mitochondrial localization during chemotaxis in biochemical gradients
MDA-MB-231 cells migrating in a gradient of epidermal growth factor (100 ng/ml EGF) showed predominantly anterior mitochondrial localization (Fig. 2 A, left panel) . MLI increased progressively during exposure to EGF gradients in cells that moved toward a high concentration of chemoattractant ( Fig. 2 A, right panel) . During unconstrained migration in biochemical gradients approximately seven times more cells displayed anterior-localized mitochondria compared with cells migrating in the absence of gradients. Importantly, higher Pearson correlation coefficients exist between MLI and velocity and persistence (r v ¼ 0.68 and r p ¼ 0.70, respectively) than for cells migrating in a gradient than in the absence of gradients (r v ¼ 0.63 and r p ¼ 0.61), as summarized in Fig. 2 B. Similar observations were made with MCF7 breast adenocarcinoma cells migrating in 100 ng/ml insulin-like growth factor gradients and these results are summarized in Fig. S3 .
Mitochondrial localization during migration in confined spaces
To measure the speed and persistence more precisely and for larger numbers of cells, we employed microscale channels within which epithelial cells migrate persistently at a constant speed for longer periods of time (20) in self-generated guiding EGF gradients (21) . We found that mitochondria were localized predominantly in the anterior position within cells migrating spontaneously through 6 Â 6 mm crosssection channels (Fig. 3 A, Movie S1). Three-dimensional rendering using confocal microscopy of the cells confirmed that two-dimensional images of localized mitochondria are an accurate representation of mitochondrial distribution (Fig. 3 A, right panel) . Additionally, we found that cells with the most asymmetric distribution of mitochondria toward the anterior-higher MLI-are also the fastest moving and the most persistent (Fig. 3 B) . Spontaneously migrating (Fig. 3 C) .
The correlations between MLI, speed, and persistence were present in channels having a larger width (10 and 25 mm). In larger channels, MDA-MB-231 cells migrated with similar average velocity as in narrower channels, but were significantly less persistent (r p ¼ 0.29) (Fig. 3 D) . Interestingly, the fraction of anterior-localized cells decreased with increasing channel width. Although both 10 Â 6 and 25 Â 6 mm cross-section channels guide predominantly anterior-localized cells, there was a decreasing trend of anterior localization with increasing cross section (Fig. 3  E) . Movie S2 and Movie S3 show MDA-MB-231 cells moving more slowly and less persistently in channels of a wider cross section.
Effects of variegated mechanical confinements
To distinguish between passive and active mechanisms of anterior mitochondria localization during cell migration, we observed the relocalization of mitochondria in cells moving through channels of alternating wide and narrow channels. In these experiments, we took advantage of the observation that MLI is sensitive to the increase in width of the channels. The fraction of cells with anterior-localized mitochondria decreased as the channel cross section increases from 36 to 150 mm 2 . Dynamics of mitochondrial localization can be observed in wider channels (as shown in Fig. 4 A and Movie S4) with cells showing changes from anterior to posterior localization. As shown in Fig. 4 B, the decreased MLI in wider channels was promptly restored when cells entered the narrower sections. If passive mechanisms were responsible for mitochondrial relocalization, one would have expected progressive reduction in MLI during the advance through alternating wide and narrow channels. This observation suggests the presence of an active mechanism redistributing the mitochondria within migratory cells. Movie S5 and Movie S6 show anterior-and posteriorlocalized cells, respectively, traversing a narrow 6 Â 6 mm cross-section constriction. Anterior-localized cells migrated efficiently through the small sections of the channels, whereas posterior-localized cells were severely delayed at the entrance to the constriction, suggestive for an active mechanism for mitochondrial localization. Importantly, the correlation between the ability to navigate constrictions efficiently and high MLI was conserved across epithelial cancer cell lines derived from prostate and breast lineages (PC3 and MDA-MB-435), as shown in Fig. 4 C. 
Effects of mechanical confinements and biochemical gradients
In the presence of externally imposed EGF gradients (24) , distinct mitochondrial localizations inside moving MDA-MB-231 cells were evident, as depicted in Fig. 5 A. Even though cells introduced in the channels had random orientations, during migrating in confinements with superimposed biochemical gradients they showed high correlations between both velocity and MLI (r v ¼ 0.83) and persistence and MLI (r p ¼ 0.70), as shown in Fig. 5 B. Plots of average velocity versus persistence showed a distinct clustering of high velocity and high persistence cells (Fig. 5 C) , with higher correlations for anterior-localized cells with velocity and persistence (r anterior ¼ 0.45), compared to unlocalized (r unlocalized ¼ 0.20) and posterior-localized (r posterior ¼ 0.15) cells. Importantly, these highly migratory phenotypes were comprised almost entirely of anterior-localized cells (red circles). As seen in our results from migration platforms across various microenvironments anterior localization of mitochondria was closely coupled to both migration velocity and persistence. High persistence and high velocity were characteristics of anterior-localized cells (as seen in Fig. 5 C) and are indicative of a new and important migratory phenotype of epithelial cancer cells.
Effects of mitochondrial fission-fusion perturbations on migration
To probe the cause-effect relationship between mitochondrial localization and cell migration, we employed four cell lines in which mitochondrial fission (drp-1) or fusion (opa-1) proteins are manipulated by generating dominantnegative mutations or by promoting wild-type (WT) protein overexpression. These manipulations interfere with the dynamics of mitochondrial networks and the ability of individual mitochondrial to dynamically relocate within cells (26) . Dominant-negative mutations of drp-1 (denoted as DRP1 K38A ) yielded structurally larger mitochondria by inhibiting the mitochondrial network fragmentation. Overexpression of WT opa-1 (denoted as OPA1 overexp ) also resulted in larger mitochondria, by stimulating the fusion of mitochondria (Fig. 6 A, left panel) . Super-resolution microscopy images of fission-defective (DRP1 K38A ) and fusion overexpressing (OPA1 overexp ) mutants confirmed the presence of larger mitochondrial morphology as compared to WT cells (Fig. 6 A, right panel) . As expected, these larger mitochondria were less efficiently transported and their distribution in migrating cells will be more homogenous than in the WT cells. In moving DRP1
K38A cells, mitochondria were most often uniformly distributed within cells, and we could rarely observe any cells with front localization of mitochondria (Fig. 6 B) (Fig. S4) . To verify that any differences in cell migration were not due to energy production, we measured ATP production in all four mutants and found no significant defects (Fig. 6 E) .
Interestingly, we noticed a progressive impairment of migration speed and persistence in the small numbers of anterior-localized DRP1 K38A cells and anterior-localized OPA1 overexp cells moving through channels with 6 Â 6 mm cross-section channels (Movie S10 and Movie S11, respectively). Although the DRP1 K38A and OPA1 overexp cells had larger mitochondria that were not efficiently repositioned inside the migrating cells, these results suggested that mitochondrial redistribution inside the moving cells could be an important contributing factor to efficient migration. Furthermore, fission-defective DRP1 K38A cells were observed in channels of variegated dimensions, migrating with a low velocity, unable to relocalize a mitochondrial network, and unable to effectively traverse a narrow, 6 Â 6 mm cross section, constrictions (Movie S12). Together, these results indicate that, in addition to mitochondrial localization, mitochondrial redistribution inside moving cells is critical for the efficient migration through channels.
Effects of mitochondrial-microtubule linkage perturbations
Mitochondrial rhoGTPases, such as miro-1 and miro-2 play an important role in distributing mitochondria along microtubule networks (schematically depicted in Fig. 7 A) and as such play a role in shaping the mitochondrial network (27, 28) . Small hairpin RNA mediating knockdowns for Biophysical Journal 104(9) 2077-2088 miro-1 have been previously shown to have a marked ability to disrupt mitochondrial transport (29) . Analogously, we employed RNA interference techniques to selectively knockdown miro-1 and verified that disruption of miro-1 expression would disrupt mitochondrial localization without perturbing tubulin (Fig. 7 A, lower left panel) . Importantly, knockdown of miro-1 did not significantly perturb mitochondrial function with ATP levels between miro-1 knockdowns and WT cells being comparable (Fig. 7 A, lower right  panel) . Furthermore, super-resolution imaging elucidated the decoupling between the mitochondrial network and the microtubule network in knockdowns of miro-1 (Fig. 7 B) . Knockdowns of miro-1 displayed mitochondria that were predominantly unlocalized within moving cells, as shown in Fig. 7 Fig. 7 D) .
DISCUSSION
We found that a strong correlation exists between the preferential front localization of mitochondria in motile cells and velocity and persistence during directional migration. We show that mitochondrial localization occurs in moving epithelial cancer cells and that anterior localization of mitochondria is necessary for faster and more persistent migration. Cells with anterior-localized mitochondria can navigate mechanical constraints and traverse narrowing channels approximately three times faster and are approximately three times more persistent in the same direction than cells not displaying such a phenotype. Moreover, we show that perturbing the redistribution of mitochondria within cells by mutations in the mitochondrial fusion and fission proteins reduces the number of cells with anteriorlocalized mitochondria and renders the cells unable to migrate with high speed and directional persistence in mechanically confined environments. Similarly, interfering with the expression of the mitochondrial rhoGTPase-1 (miro-1), which links mitochondria to microtubules and aids in their transport, also reduces the migratory abilities of cancer cells. These effects are observed for both speed and persistence of migration, underscoring the importance of mitochondrial intracellular localization during the fast and persistent migration of epithelial cancer cells.
Our observations of preferential anterior localization of mitochondria in the fastest and most persistent epithelial cancer cells are different from those previously reported in lymphocytes. In lymphocytes, mitochondria are most often localized between the nucleus and the trailing edge (i.e., posterior localization) during chemokine-induced migration (6). The differences in mitochondrial localization between epithelial and myeloid cells are not entirely surprising. Other organelles also have distinct localizations in the two cell types during migration. For example, the location of the microtubule organizing center has been shown to be preferentially ahead of the nucleus in motile epithelial cells (2) and behind the nucleus in motile lymphocytes (30, 31) . Additionally, the location of the endoplasmic reticulum and the Golgi apparatus is predominantly behind the nucleus in moving epithelial cells (4) and in front of the nucleus in macrophages during chemotaxis (32) . Interestingly, our observations are different from the preliminary results reported in the study for epithelial cells (6) . Unlike the micropipette assays used previously (6), in our study we relied on microfluidic assays, which are better suited for more precise measurements, provide higher throughput, and enable observations over longer time durations. These differences in methods are particularly important because mitochondrial repositioning to the front of epithelial cells requires several hours after the start of directional migration. Taken together, to our knowledge, our specifically engineered platforms have enabled observations of new roles of mitochondrial networks in migrating epithelial cancer cells, pointing to a role of these dynamic networks in facilitating cancer cell migration.
Cellular motility is a complex phenotype that can be deconstructed and characterized precisely using measures of velocity and directional persistence. Typically, the movement of cells on flat surfaces is recorded by time-lapse imaging over extended periods and the trajectory of the cells is tracked and analyzed using sophisticated methods. In this study, we took advantage of microfluidic tools that restrict the migration of cells to one-dimensional channels and enable quick and precise characterization of cancer cell motility speed and directionality (20, 21) . By superimposing mitochondrial localization (quantified as MLI) on these traditional measures of migration, we identified migratory phenotypes directly related to the mitochondrial distribution within motile cells. Interestingly, in the presence of guiding gradients or mechanical confinement, cells with mitochondria localized in an anterior position consistently display faster migration and higher persistence. The location of mitochondria within cells also enabled us to cluster the cells that are both the fastest moving and most persistent. This observation is important if one assumes that the overall capacity of a cell to invade is proportional to the multiplicative effect of speed and persistence. With this assumption, cells that move three times faster and are three times more persistent than the ensemble average, could invade one order of magnitude further than the average cells. At the timescale of cancer cell invasion, this could mean differences from months to years for cancer cells to invade over longer distances, e.g., to reach distant lymph nodes by migration through lymphatics. Importantly, high persistence and high velocity are unique characteristics of anterior localization of mitochondria in migrating epithelial cancer cells and as such are indicative of an important migratory phenotype. Our work shows the ability to identify such migratory phenotypes in otherwise homogenous cell populations. It also points to the possibility that mitochondrial localization could be used as a marker to identify cancer cells that possess more aggressive invasive capabilities.
Further studies are necessary to identify the precise stimuli that direct the redistribution of mitochondria within moving epithelial cells. At least two hypotheses are emerging from existing studies. First, higher bioenergetic demands at the leading edge of active actin polymerization could require higher mitochondrial density. Such guidance of mitochondria has been previously reported in axons and dendrites, correlated closely with the high energy demand needed to generate action potentials in these structures (9,10). The differences in mitochondrial localization between lymphocytes and epithelial cancer cells could also be attributed to underlying differences in modes of migration-with uropods in lymphocytic cells pushing the cell forward and conversely pseudopods in epithelial cells pulling the cell forward. Second, calcium signaling could also play an important role. This role is suggested by the differences in mitochondrial localization between lymphocytes and epithelial cells observed in this study, and by the underlying differences in their intracellular calcium distribution dynamics. In lymphocytic cells, during chemokine-induced migration, mitochondria accumulate to the posterior of cells (6), correlated with higher calcium levels (30) . In epithelial cells, more calcium is being allowed to enter the cells at the anterior end (33) . Separately, increased intracellular calcium concentrations have been shown to modulate mitochondrial motility and to sequester mitochondria in regions of high intracellular Ca 2þ (34) . It is possible that by quickly buffering the Ca 2þ that enters the cells (35), mitochondria regulate the Ca 2þ levels at the front of the moving cells, maintain the sensitivity to new stimuli, and overall contribute to persistent migration. Both hypotheses remain to be tested in further studies.
In conclusion, our results show that the redistribution of mitochondria to the anterior of moving cancer cells is a necessary condition for faster and more persistent migration. Considering the correlations between the speed and persistence of cells migrating through channels and the rate of metastasis formation in an animal model demonstrated in previous studies (36), our results could lead to new approaches to identifying the specific subpopulation of tumor cells with propensity to metastasize faster and over longer distances. In the future, studies of organelle reorganization could facilitate a better understanding of the mechanisms of cancer cell migration and could help Biophysical Journal 104(9) 2077-2088 uncover new biomarkers for the metastatic capabilities of tumorigenic cells. Image acquisition and analysis. Migrating cells were imaged using a Nikon TiE microscope operating in epifluorescence mode and equipped with an incubation chamber.
SUPPORTING MATERIAL
Time-lapse images were acquired at multiple spatial locations and multiple wavelengths every 15 or 20 minutes, and analyzed using custom MATLAB scripts. All fluorescence images were acquired with 12-bit resolution using a cooled-CCD camera (QImaging).
Care was taken to ensure that all images were recorded with identical acquisition parameters (exposure time, camera gain/gamma control and microscope aperture settings). The persistence of migration was quantified by determining the ratio between the shortest, linear distance from the starting point of a time-lapse recording to the end point (T) and the total distance traversed by the cell (D). This is further elucidated in layer of the CMM. The corresponding "control" (top) layer master mold of the CMM is fabricated using a 50 µm thickness SU-8 layer. Elastomeric devices were then fabricated using standard soft lithography fabrication techniques using (poly)dimethylsiloxane (Sylgard 184, Dow Corning) mixed at a 10:1 (w/w) ratio and cured overnight at 70 °C.
Access holes were punched in devices using biopsy punches (Ted Pella, Inc.). Individual devices were bonded to cover-slip bottom 24-well plates (MatTek Corporation) or singlewell cover-slip bottom dishes (Willco Wells) after exposure to a 20-second, radio frequency generated plasma (March Corporation). In the case of CMMs, "control" and "flow" devices are aligned and plasma bonded to one another, and assembled devices are subsequently bonded to a cover-slip bottom dishes.
Device functionalization with extra-cellular matrix. To ensure that migrating cells were provided an appropriate extra-cellular matrix surface UCMs and SMMs were coated with collagen by pipetting 5 µl (of 1 µg /ml) collagen IV solution (Sigma-Aldrich)
immediately after plasma bonding. CMM devices were coated with collagen IV by perfusing 10 µg/ml solution of collagen IV through the channels for 1 hour at 37 °C (at 5% CO 2 and ~80% relative humidity) using a syringe pump (Nemesys).
Device preparation. For UCMs and SMMs, after devices were functionalized with collagen, cells were loaded in the central reservoirs and allowed to adhere for 2-3 hours prior to initiating time-lapse imaging. For CMMs, cells were captured in constrictions of the channels and allowed to adhere for 2 hours while keeping a slow perfusive flow (0.5 µl/min). To establish a gradient in the channels, the tubing at the entry of the channels was removed and a syringe containing the media with chemokine was introduced in its place. Flow was then re-started by reactivating the syringe pump and allowing the gradient to balance before beginning acquiring time-lapse data. 
